Pathogens can cause diseases and lead to massive mortalities of aquaculture animals and substantial economic loss. In this work, we studied the responses induced by Micrococcus luteus and Vibrio anguillarum in gill of mussel Mytilus galloprovincialis at protein and metabolite levels. Metabolic biomarkers (e.g., amino acids, betaine, ATP) suggested that both M. luteus and V. anguillarum induced disturbances in energy metabolism and osmotic regulation. The unique and some more remarkably altered metabolic biomarkers (threonine, alanine, aspartate, taurine, succinate) demonstrated that V. anguillarum could cause more severe disturbances in osmotic regulation and energy metabolism. Proteomic biomarkers (e.g., goose-type lysozyme 2, matrilin, ependymin-related protein, peptidylprolyl cisetrans isomerases) indicated that M. luteus caused immune stress, and disturbances in signaling pathways and protein synthesis. However, V. anguillarum mainly induced oxidative stress and disturbance in energy metabolism in mussel gills indicated by altered procollagen-proline dioxygenase, protein disulfide isomerase, nucleoside diphosphate kinases, electron transfer flavoprotein and glutathione S-transferase. This work confirmed that an integration of proteomics and metabolomics could provide an insightful view into the effects of pathogens to the marine mussel M. galloprovincialis.
Introduction
The outbreaks of bacterial diseases can cause massive moralities of marine aquaculture bivalve mollusks and lead to significant losses of production and economic values [1] . Therefore studies on the biological responses and their mechanisms are necessary, which can probably provide useful information for disease control strategies. Traditionally, however, immunity studies on marine aquaculture animals focus on the identification of a certain class of immune-related molecules and then characterize their functions in the immune network, which usually can provide primary but comprehensive understanding on the immune mechanisms [2] . To achieve an insightful and comprehensive understanding on the responsive mechanisms, a global analysis on the biological responses and corresponding biomarkers should be carried out in marine aquaculture animals to bacterial challenges at molecular levels (e.g., protein and metabolite).
In this post-genomic era, several system biology approaches such as transcriptomics, proteomics and metabolomics have been well-established and developed [3e5] . Among these approaches, proteomics can theoretically profile all the proteins encoded by the given genome in an organism [6] . Not only can proteomics describe a complete proteome at organelle, cell, or tissue levels, but it can also compare the protein profiles from different treatments and can then identify changes in protein expression levels combined with mass spectrometry and software databases [7] . The twodimensional electrophoresis (2-DE)-based proteomics remains useful in resolving protein extracts from organisms due to its high resolution and low expense [8, 9] . Metabolomics can be used to characterize metabolic profiles in various biological systems including organs, tissues, biofluids, or even whole organisms [10, 11] . Similar to proteomics, comparisons on metabolomes can discover metabolic responses induced by stressors in organisms [12, 13] . Since metabolomics and proteomics can directly characterize the perturbations of metabolic pathways and linked enzymes and stress-responsive proteins, an integration of these two 'eomics' techniques can present an insightful view into the stressor-induced responses [14] . To our knowledge, very few investigations have been carried out to test the responses induced by bacteria in marine aquaculture animals using an integrated proteomic and metabolomic approach.
The marine mussel Mytilus galloprovincialis is widely distributed along the Bohai coast. Since it is popularly consumed as seafood by local residents, this bivalve has become one of important species in marine aquaculture industry in China. As a filter-feeder, M. galloprovincialis can accumulate a large amount of bacteria from the seawater and therefore is often used in immunity studies as an experimental model [2] . Routinely, both hepatopancreas and hemocytes of marine bivalves are used in immunology [2] . However, gills are the first organ interacting with the bacteria in the surrounding water and have been also studied in shellfish immunology together with hepatopancreas and hemocytes [15, 16] . Therefore, in this work, the mussel gill was used for proteomic and metabolomic analysis on the responses to bacterial challenges.
Bacteria are the most commonly detectable pathogens for marine animals. As a Gram-negative bacterium, Vibrio anguillarum is the dominant pathogen for marine aquaculture animals along the Bohai coast in China. This bacterium can also be isolated from marine mollusks. The immunity responses toward V. anguillarum have been extensively studied in different marine invertebrates [2, 6] . Micrococcus luteus is a representative Gram-positive bacterium which can be found in both aquatic and soil environments as well as in aquatic organisms [17] . Several studies have compared the responses in mussel M. galloprovincialis to both Gram-positive and Gram-negative bacterial challenges at molecular level [2, 18] . In this work, we combined proteomics and metabolomics to compare the responsive profiles in gill tissues from M. gall oprovincialis challenged by V. anguillarum and M. luteus. This work was designed to elucidate the differential effects of these two representative Gram-positive and Gram-negative bacteria injected in M. galloprovincialis.
Materials and methods

Experimental animals and conditions
Adult mussels M. galloprovincialis (shell length: 5.5e6.0 cm, n ¼ 24) were purchased from a culturing farm (Yantai, China) in July 2012. Animals were transported to the laboratory and acclimatized in aerated natural seawater (salinity 31 psu) for 10 d. After acclimatization, the animals were randomly separated into four groups (blank, PBS control, V. anguillarum and M. luteus challenges) each containing 6 mussels in 12 L filtered seawater. The culture seawater was renewed daily. During the acclimation and experimental periods, mussels were kept at 25 C under a photoperiod of 12 h light and 12 h dark, and fed with the Chlorella vulgaris Beij at a ration of 2% tissue dry weight daily.
Challenge experiment
For challenge experiment, live V. anguillarum and M. luteus were re-suspended in PBS, respectively. These two species of bacteria, V. anguillarum (1A07299) and M. luteus (1A00376), were purchased from Marine Culture Collection of China. Each mussel of bacteria-challenged groups was injected with V. anguillarum and M. luteus in 50 mL PBS in the adductor muscle with a final concentration of 10 7 CFU mL
À1
, respectively. The animals in PBS control group were injected with 50 mL PBS. The group without any treatment was used as blank group. For injection, each mussel was poked slightly at the edge of the shells. Then the PBS or bacteria solution was injected carefully into the adductor muscle using a syringe. After injections, all the mussels were put back to the tanks and collected at 24 h post-injection. The gill tissue of each mussel was dissected quickly and flash-frozen in liquid nitrogen, and then stored at À80 C before protein, RNA and metabolite extraction. For further procedures, each treatment consisted of 6 and 3 (2 pooled into 1) replicates for metabolomic and proteomic analysis, respectively.
Protein extraction
Total protein extraction was applied based on the published method with some modifications [19, 20] . Briefly, the gill tissue was homogenized quickly on ice with 1 ml Trizol reagent and centrifuged at 12 000 g for 5 min at 4 C. The supernatant was added with 200 mL chloroform before shaking vigorously for 3 min and precipitating for 3 min. Then the mixture was centrifuged at 12 000 g for 15 min at 4 C and its upper aqueous layer was discarded. 300 mL of absolute ethyl alcohol was added and the mixture was allowed to stand for 3 min in room temperature before being centrifuged at 2000 g for 5 min at 4 C. The phenol/ethanol supernatant was precipitated for 30 min at room temperature by the addition of 750 mL isopropanol prior to centrifugation at 14 000 g for 10 min at 4 C. Pellets obtained were washed with 1 ml ethanol (v/v 95%) and centrifuged at 14 000 g for 10 min at 4 C. This procedure was repeated twice. The pellets were solubilized in the lysis buffer (7 M urea; 2 M thiourea; 4% m/V CHAPS; 65 mM DTT and 0.2% W/V Bio-lyte buffer) and then incubated for 3 h at room temperature [21] . The homogenate was centrifuged at 15 000 g for 10 min and the supernatant was applied to electrophoresis. The total concentrations of proteins were determined by Protein Assay Kit of TianGen.
Metabolite extraction
Polar metabolites in mussel gill tissues (n ¼ 6 for each treatment) were extracted by the modified extraction protocol as described previously [22, 23] . Briefly, the gill tissue (ca. 100 mg wet weight) was homogenized and extracted in 4 mL g À1 of methanol, 5.25 mL g À1 of water and 2 mL g À1 of chloroform. The methanol/ water layer with polar metabolites was transferred to a glass vial and dried in a centrifugal concentrator. The extracts of gill tissue were then re-suspended in 600 mL phosphate buffer (100 mM Na 2 HPO 4 and NaH 2 PO 4 , including 0.5 mM TSP, pH 7.0) in D 2 O. The mixture was vortexed and then centrifuged at 3000 g for 5 min at 4 C. The supernatant substance (550 mL) was then pipetted into a 5 mm NMR tube prior to NMR analysis.
RNA extraction and quantitation of gene expressions
Total RNA from the gill tissue was isolated following the manufacturer's directions (Invitrogen), and the first-strand cDNA synthesis was carried out according to M-MLV RT Usage information (Promega) using oligo (dT)-adaptor (5 0 -CTCGAGATCGATGCGG CCGCT17-3 0 ) as primer and the DNase I-treated (Promega) total RNA as template. The expressions of the housekeeping genes ( Table 1) in gill of M. galloprovincialis were determined by qRT-PCR, the data were analyzed with geNorm to calculate the expression stability of the genes (M values) and the optimal number of reference genes required for accurate normalization (V values) [24] .
GeNorm identified b-actin as the most stable gene, which was lower than the expression stability threshold of 1.5, then was followed in stability by Glyceraldehyde-3-phosphate dehydrogenase, a-tubulin, 28s rRNA and 18s rRNA. The results showed that the V2/3 value 0.132 was less than the proposed geNorm cutoff value of 0.15, which meant that the gene of b-actin was the most stable gene and was then used as the internal control for gene expression normalization.
Gene-specific primers (Table 1) 
Two-dimensional gel electrophoresis
The first dimension (IEF) was performed using Immobiline Drystrip (24 cm, pH 3e10, linear). One hundred and forty microgram of proteins to a final volume of 450 mL were loaded. Isoelectric focusing gel solution containing 7 M urea, 2 M thiourea, 4% m/v CHAPS, 65 mM DTT, 0.001% m/v Bromophenol blue and 0.2% W/V Bio-lyte buffer. IEF was conducted at 20 C with an Etan IPGphor3 system for a total of 85858 Vh (Active rehydration was carried out at 30 V for 12 h, followed by 100 V for 5 h, 500 V for 1 h, 1000 V for 1 h, and a linear increase of voltage to 8000 V for 11 h).
After the first dimension, strips were placed in equilibration buffer (0.05 M TriseHCl, pH 8.8; 6 M urea; 30% glycerol; 2% w/v SDS; containing 1% w/v DTT) and were slowly shaken for 15 min. The strips were then incubated for another 15 min in the equilibration buffer with 2.5% (w/v) iodoacetamide without DTT. The second dimension was conducted on 12.5% SDS-PAGE gels using the Ettan DALTsix system. After electrophoresis, the gels were silver stained by following the published method of Mortz (2001) and Gharahdaghi (1999) [26, 27] . Images were captured by ImageScanner III and spots were quantitatively analyzed by using ImageMaster 2D Platinum 7.0. The abundance of each protein spot was estimated by the percentage volume (%vol). Only those with significant changes (>1.5 folds and P < 0.05) were considered to be differentially expressed proteins.
In gel digestion and MS analysis
In gel digestion was according to Katayama et al. (2001) [28] . Protein spots were washed three times with ultrapure water, destained with 25 mmol/L NH 4 HCO 3 in 50% v/v acetonitrile at room temperature for 30 min. The gels were dried using 50% acetonitrile for 30 min and 100% acetonitrile for another 30 min. The samples were rehydrated in 10 ml cover solution (0.02 g/l w/v trypsin, 25 mmol/L NH 4 HCO 3 and 10% acetonitrile) for 30 min, and then covered with the same solution but without trypsin for digestion overnight at 37 C. The supernatants were extracted with 5% TFA in 67% acetonitrile at 37 C for 30 min, then were centrifuged at 5000 g for 5 min, so the peptide extracts and the supernatant of the gel spot were combined.
After being completely dried the samples were re-suspended with 5 mL 0.1% TFA followed by mixing in 1:1 ratio with a saturated solution of a-cyano-4-hydroxy-trans-cinnamic acid in 50%
acetonitrile [29] . One microliter of mixture was analyzed by an ABI 4800 MALDI-TOF/TOF Plus mass spectrometer (Applied Biosystems, Foster City, USA), data were acquired in a positive MS reflector using a CalMix5 standard to calibrate the instrument (ABI4800 Calibration Mixture). Both the MS and MS/MS data were integrated and processed by using the GPS Explorer V3.6 software (Applied Biosystems, USA) with default parameters. Proteins were successfully identified based on 95% or higher confidence interval of their scores in the MASCOT V2.4 search engine (Matrix Science Ltd., London, U.K.). The following parameters were used in the search: NCBInr Metazoa (Animals) (2861494 sequences) database; trypsin as the digestion enzyme; one missed cleavage site; partial modifications of cysteine carbamidomethylation and methionine oxidization; no fixed modifications; 0.15 Da for precursor ion tolerance and 0.25 Da for fragment ion tolerance. Individual ions scores >40 indicate identity or extensive homology (P < 0.05).
2.8.
H NMR spectroscopy
Metabolite extracts of gills from mussels were analyzed on a Bruker AV 500 NMR spectrometer performed at 500.18 MHz (at 25 C) as described previously [30] . All 1 H NMR spectra were phased, baseline-corrected, and calibrated (TSP at 0.0 ppm) manually using TopSpin (version 2.1, Bruker).
Spectral pre-processing and multivariate analysis
All one dimensional 1 H NMR spectra were converted to a data matrix using the custom-written ProMetab software in Matlab version 7.0 (The MathsWorks, Natick, MA) [31] . Each spectrum was segmented into bins with a width of 0.005 ppm between 0.2 and 10.0 ppm. The bins of residual water peak between 4.70 and 5.20 ppm were excluded from all the NMR spectra. The total spectral area of the remaining bins was normalized to unity to facilitate the comparison between the spectra. All the NMR spectra were generalized log transformed (glog) with a transformation
À8 to stabilize the variance across the spectral bins and to increase the weightings of the less intense peaks [31] . Data were mean-centered before principal components analysis (PCA) using PLS Toolbox (version 4.0, Eigenvector Research, Manson, WA). The unsupervised pattern recognition method, principal component analysis (PCA) was used to reduce the dimensionality of the data and summarize the similarities and differences between multiple NMR spectra [32] . The algorithm of this pattern recognition method calculates the highest amount of correlated variation along PC1, with subsequent PCs containing correspondingly smaller amounts of variance. One-way analysis of variance (ANOVA) was conducted on the PC scores from each group to test the statistical significance (P < 0.05) of separations. Furthermore, the supervised multivariate data analysis methods, partial least squares discriminant analysis (PLS-DA) and orthogonal projection to latent structure with discriminant analysis (O-PLS-DA), were sequentially carried out to uncover and extract the statistically significant metabolite variations related to bacterial challenges. The results were visualized in terms of scores plots to show the classifications and corresponding loadings plots to show the NMR spectral variables contributing to the classifications. The model coefficients were calculated from the coefficients incorporating the weight of the variables in order to enhance interpretability of the model. Then metabolic differences responsible for the classifications between control and bacteria-challenged groups could be detected in the coefficient-coded loadings plots. The coefficient plots were generated by using MATLAB (V7.0, the Mathworks Inc., Natwick, USA) with an in-house developed program and were color-coded with absolute value of coefficients (r). A hot color (i.e., red) corresponds to the metabolites with highly positive/negative significances in discriminating between groups, while a cool color (i.e. blue) corresponds to no significance. The correlation coefficient was determined according to the test for the significance of the Pearson's productemoment correlation coefficient. The validation of the model was conducted using 10-fold cross validation and the cross-validation parameter Q 2 was calculated, and an additional validation method, permutation test (permutation number ¼ 200), was also conducted in order to evaluate the validity of the PLS-DA models. The R 2 in the permutated plot described how well the data fit the derived model, whereas Q 2 describes the predictive ability of the derived model and provides a measure of the model quality. If the maximum value of Q 2 max from the permutation test was smaller than or equal to the Q 2 of the real model, the model was regarded as a predictable model. Similarly, the R 2 value and difference between the R 2 and Q 2 were used to evaluate the possibility of over-fitted models [14] . Metabolites were assigned following the tabulated chemical shifts [33] and quantified by using the software, Chenomx (Evaluation Version, Chenomx Inc., Edmonton, Alberta, Canada). The metabolite concentrations were normalized to the mass of hepatopancreas tissue by calculating the concentrations of metabolites in each NMR tube.
Statistical analysis
Metabolite concentrations were tested for normal distribution (Ryan-Joiner's test) and homogeneity of variances (Bartlett's test). All metabolite concentrations were expressed as means AE standard deviation. One way analysis of variance (ANOVA) with Tukey's test was conducted on the metabolite concentrations from both seawater control (blank) and PBS control groups to test possible metabolic differences induced by PBS in mussel gills. Furthermore, one-way ANOVA combined with Tukey's test was performed on metabolite concentrations between PBS control and bacteria-challenged groups, respectively. A P value less than 0.05 was considered statistically significant. The Minitab software (Version 15, Minitab Inc., USA) was used for the statistical analysis. Proteins were submitted to isoelectric focusing on 3-10 IPG strips (24 cm) followed by electrophoresis on 12.5% SDS-PAGE. Gels were silver-stained. Gels (A, B and C) were from (A) PBS control, (B) Micrococcus luteus-and (C) Vibrio anguillarum-challenged groups. The numbered arrows indicate proteins that were identified by MS/MS and are listed in Tables 2 and 3. and M. luteus, respectively (Fig. 1) . A total of 15 spots resolved in 2-DE gels were differentially expressed (>1.5 folds, P < 0.05). Fig. 1 shows the differential protein spots in gills of M. galloprovincialis challenged by M. luteus and V. anguillarum. All the differentially expressed proteins in all three biological replicates of silver-stained gels were analyzed by MALDI-TOF/TOF mass spectrometry and 13 (w87%) proteins were successfully identified. The information of these proteins is summarized in Tables 2 and 3 .
Firstly, we compared the protein spots in the 2-DE gels from blank and PBS control groups. However, no significant protein spots were found between these two groups. Then only PBS control group was used for further analysis. In M. luteus-challenged samples, a total of 7 significantly differential spots were discovered, including 3 up-regulated and 4 down-regulated. These proteins were related to immune defensive system (goose-type lysozyme 2, peptidoglycan recognition protein S3 and matrilin-2) and signaling pathway (ependymin-related protein 1, receptor of activated kinase C 1 and peptidyl-prolyl cisetrans isomerase).
Six differentially expressed proteins (3 up-regulated and 3 down-regulated) were observed in V. anguillarum-challenged M. galloprovincialis gills. These proteins were basically involved in primary and energy metabolism (nucleoside diphosphate kinase, astacin, procollagen-proline dioxygenase beta subunit and electron transfer flavoprotein subunit alpha), stress and defense (glutathione S-transferase sigma 3) and signal transduction (ependyminlike protein precursor). The unsupervised pattern recognition method, principal components analysis (PCA), was conducted on the NMR spectral data matrix of gill extracts from blank, PBS control, V. anguillarum-and M. luteus-challenged groups. No significant (P ¼ 0.85, one way ANOVA on PC scores) separation between blank and PBS control groups was found in score plot (PC1 vs. PC2). Then only PBS control group was used in further analysis. Clearly, PCA analysis resulted in significant (P < 0.01) separations between PBS control, M. luteus and V. anguillarum treatments along PC1 axis, as shown in Fig. 3 . Furthermore, the significant separation between V. anguillarum and M. luteus-challenged mussel groups was found as well.
Metabolomic responses in gills of M. galloprovincialis challenged by M. luteus and V. anguillarum
O-PLS-DA and one way ANOVA were performed on the NMR spectral data and quantified metabolite concentrations for metabolic biomarker discovery in V. anguillarum-and M. luteus-treated groups, respectively (Fig. 4) . Apparently, the concentrations of amino acids (valine, leucine, isoleucine and tyrosine), ATP and glucose were significantly (P < 0.05) increased in M. luteus-challenged mussel gills (Table 4) . However, the concentration of betaine was significantly (P < 0.05) decreased. Compared to the metabolic profile from M. luteus-challenged group, several metabolites were similarly altered including some amino acids (valine, isoleucine, leucine and tyrosine), betaine and glucose. However, elevated threonine, alanine, homarine, succinate and fumarate and depleted aspartate were uniquely detected in V. anguillarum-challenged mussel samples. Interestingly, ATP was significantly decreased in V. anguillarum-challenged mussel gills, which was contrary to that in M. luteus-challenged mussel samples.
The relationship between gene expressions and protein abundances
To further verify the results of 2-DE and compare the correlation between gene expression and protein abundances, five representative genes related to regulated proteins were quantified using quantitative real-time PCR technique. The results indicated that the expression levels of the genes had different alteration tendency with corresponding proteins (data not shown).
Discussion
Effects of M. luteus and V. anguillarum on the proteome of gills in M. galloprovincialis
Approximately, 1000 protein spots were resolved in the 2-DE gels from the gill of M. galloprovincialis. In M. luteus-challenged mussel samples, the responsive proteins including goose-type lysozyme 2, matrilin 2 and peptidoglycan recognition protein S3 were related to immune defensive system. Fig. 5A summarized the pathways involved in the response of M. galloprovincialis to M. luteus challenge. Lysozymes are antibacterial enzymes that play h Fold changes with significant changes (>1.5 folds and P < 0.05) were calculated using ImageMaster 2D Platinum 7.0.
important roles in the immune system by cleaving the b-(1,4)-glycosidic bond between N-acetylmuramic acid and N-acetylglucosamine in peptidoglycan layer of bacterial cell walls. In our laboratory, we have studied two goose-type lysozymes in M. galloprovincialis and characterized their possible function diversification and adaptive evolution [34] . Our results demonstrated that goose-type lysozyme 2 played an important role in digestion indicated by the significantly increased expression level after bacterial challenges [35] . Matrilin is a subfamily of extracellular matrix proteins that are involved in immune defense [35] . Peptidoglycan recognition protein belongs to a family of innate immune proteins that possesses bactericidal effect against Grampositive bacteria [36] . The alteration of these three immunityrelated proteins clearly exhibited the immune stress of M. luteus in M. galloprovincialis. Ependymin-related proteins constitute a family of extracellular glycoproteins that are often found in vertebrates [37] . However, recent studies have discovered ependymin-related proteins in invertebrates, such as abalones [38] . Ependymin-related protein 1 was significantly up-regulated in gills of M. galloprovincialis challenged by M. luteus. This protein is postulated to be involved in intracellular signaling [39] . Peptidyl-prolyl cisetrans isomerases (PPIase) can catalyze the cisetrans isomerization of peptide bonds on the amino-terminal side of proline [40] . It has been thought to be essential for protein folding during protein synthesis in the cell h Fold changes with significant changes (>1.5 folds and P < 0.05) were calculated using ImageMaster 2D Platinum 7.0.,. (27) histidine, (28) unknown 2 (7.68 ppm) and (29) glycogen. [40]. The down-regulation of PPIase might imply the disturbance in protein synthesis in M. luteus-challenged mussel samples. Receptor for activated kinase C (RAKC) is involved in signal transduction, RNA processing and cell cycle processing and has been recognized as an immunogenic protein [41] . The up-regulated RAKC implied the immune stress in gills of mussel challenged by M. luteus. In V. anguillarum challenged-mussel samples, a total of six proteins were significantly altered. Fig. 5B summarized the proteomic and metabolomic responses involved in the pathways. Nucleoside diphosphate kinases (NDKs) are enzymes that catalyze the exchange of phosphate groups between various nucleoside diphosphates. For example, NDKs can convert guanosine triphosphate (GTP) to ATP in Krebs cycle [42] . However, the level of ATP was significantly (P < 0.05) elevated (Table 4) . Since ATP can be biosynthesized in various metabolic pathways catalyzed by different enzymes, such as ATP synthetases and NDKs, the inconsistency between ATP and NDK changes was not strange. Electron transfer flavoprotein (ETF) is an important enzyme involved in mitochondrial energy metabolism by receiving electrons from at least 11 dehydrogenases operating in fatty acid oxidation, amino acid and choline metabolism [43] . The down-regulation of NDK and ETF subunit alpha clearly indicated the disturbance in energy metabolism from mussel gills with V. anguillarum treatment. Procollagen-proline dioxygenase is a mixed-function oxygenase catalyzing the hydroxylation of a prolyl-glycyl-containing-peptide to a hydroxyprolylglycyl-containing-peptide and resulting in an increase of succinate [44] . The beta subunit of procollagen-proline dioxygenase belongs to the family of protein disulfide isomerases (PDI) catalyzing the formation and breakage of disulfide bonds between sulfides (S-) in cysteine residues of folding proteins. As a member of the superfamily of thioredoxin, PDI has been found in response to oxidative stress [45] . In V. anguillarum-challenged mussel samples, procollagen-proline dioxygenase beta subunit was the most significantly up-regulated protein, which probably implied the oxidative stress induced by V. anguillarum injection. Astacin (EC 3.4.24.21) is a prototype for the family of zincdependent endopeptidases, which play crucial role in extracellular proteolysis during tissue development, bone growth, morphogenesis, digestion and cell migration [46] . The up-regulated astacin implied the disturbance in extracellular protein metabolism in anguillarum-challenged mussel gills. Glutathione S-transferases (GSTs) are related to the reduction of reactive oxygen species (ROS) production. Huan et al. (2011) reported that V. anguillarum challenge induced a significant up-regulation of GST in hepatopancreas of Zhikong scallop Chlamys farreri [6] . In this study, an upregulation of GST sigma 3 was similarly observed in mussel gills, indicating the oxidative stress induced by V. anguillarum injection in mussel gills, as mentioned above. The down-regulated ependymin-like protein precursor might be related to the altered signaling pathway.
Effects of M. luteus and V. anguillarum on the metabolome of gills in M. galloprovincialis
PCA analysis resulted in significant (P < 0.01) separations between PBS control, M. luteus-and V. anguillarum-challenged mussel groups along PC1 axis (Fig. 3) . It clearly demonstrated the significant metabolic differences between PBS control and bacteriachallenged groups. Moreover, the significant (P < 0.01) separation between V. anguillarum-and M. luteus-challenged groups indicated that V. anguillarum and M. luteus induced different biological effects in mussel gills.
In M. luteus-challenged mussel samples, several amino acids (valine, leucine, isoleucine and tyrosine) were significantly (P < 0.05) increased. Marine mollusks can employ high concentrations of amino acids to regulate their intracellular osmolarity with their environment [47] . An organic osmolyte, betaine, was significantly decreased. Therefore the alteration in amino acids and betaine indicated the disturbance in osmotic regulation. In addition, the levels of two energy storage metabolites, glucose and ATP, were significantly increased, which clearly exhibited the disturbance in energy metabolism.
For the V. anguillarum-challenged mussel group, four amino acids (valine, isoleucine, leucine, and tyrosine), betaine and glucose were altered similarly to those in M. luteus-challenged mussel group. These metabolic biomarkers suggested that both bacteria could induce similar biological effects in mussel gills. In addition, some other metabolites, including threonine, alanine, aspartate, taurine, homarine, succinate and fumarate, were uniquely altered. Obviously, the elevated amino acids (threonine and alanine) and homarine, and depleted taurine suggested the more severe osmotic stress in V. anguillarum-challenged mussel samples. However, the level of ATP was significantly (P < 0.01) decreased in V. anguillarumchallenged mussel group. It is postulated that mussels consumed more energy to deal with the more severe osmotic stress induced by V. anguillarum injection, indicated by the depleted ATP. Two intermediates in Krebs cycle, succinate and fumarate were significantly increased and aspartate was significantly decreased in V. anguillarum-challenged mussel gills. In addition, the elevation in succinate could be related to the up-regulation of procollagenproline dioxygenase, as mentioned above. In one possible metabolic pathway, aspartate could be converted into succinate with no detectable changes in other compounds under anoxic conditions in mollusk resulting in the decreased aspartate and increased succinate [48] . Therefore the decreased aspartate and increased succinate meant the enhancement of anaerobiosis in mussel gills challenged by V. anguillarum.
Correlation between gene expressions and protein abundances
To further evaluate the correlation between gene expression and protein abundances, the expressions of five genes corresponding to (NDK, goose-type lysozyme 2, glutathione S-transferase sigma 3, matrilin-2 and peptidoglycan recognition protein S3) in M. galloprovincialis were quantified to explore the correlation between protein and corresponding mRNA expression levels. However, the results indicated that mRNA expressions did not correlate well with the protein abundances (data not shown). The disparity between mRNA and corresponding protein expressions was not surprising [49] , since mRNA expression means the tendency of the corresponding encoded protein which does not always happen due to the posttranscriptional and posttranslational modifications [49, 50] .
In summary, the molecular responses induced by M. luteus and V. anguillarum, were investigated by metabolomics and proteomics in gills of mussel M. galloprovincialis. Both metabolomic and proteomic biomarkers indicated the differential responses of mussel gills to M. luteus and V. anguillarum challenges. Overall, both M. luteus and V. anguillarum induce disturbances in energy metabolism and osmotic regulation as indicated by altered amino acids, betaine, ATP, glucose. However, V. anguillarum caused more severe disturbances in osmotic regulation and energy metabolism. In addition, M. luteus caused immune stress and disturbance in signaling pathways demonstrated by altered goose-type lysozyme 2, matrilin, ependymin-related protein and peptidyl-prolyl cise trans isomerases. However, V. anguillarum mainly induced oxidative stress and disturbance in energy metabolism in mussel gills. Our results indicated that a combination of proteomics and metabolomics was robust to elucidate the effects of pathogens to the marine mussel M. galloprovincialis.
